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Abstract
Cohesive discolouration material accumulates on the walls of distribution mains and is eroded by increases in boundary shear
stress. Understanding how these accumulation and erosion processes vary with material shear strength is important for estimating
discolouration risk. To study these relationships, material that had accumulated in two similar pipe systems over three months was
eroded by increasing the shear stress in equal increments. By processing the turbidity responses, accumulation and erosion rates
were found to be invariant with shear strength at all but the weakest strengths, for which more accumulation was detected.
c© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Organizing Committee of WDSA 2014.
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Nomenclature
τ The shear strength of a portion of wall-bound discolouration material [Pa].
τa (t) The boundary shear stress at time t [Pa]. The excess shear stress is the amount by which τa exceeds τ.
N (τ, t) The quantity of material bound to each m2 of pipe wall with strength τ at time t.
T (t) Turbidity at time t [NTU].
Q (t) Pipe ﬂow at time t
[
m3 · s−1
]
(sometimes expressed in L · s−1 for readability).
1. Introduction
Drinking water trunk/transmission systems should not be operated under the assumption that hydraulics are largely
invariant. Aside from regular, periodic operations, signiﬁcant hydraulic changes may infrequently be necessary to
make best use of disparate water sources throughout the year and to ensure continuity of supply during the planned
maintenance of key assets such as treatment works and service reservoirs. The need for operational ﬂexibility is
unlikely to decrease in coming years; for example, increasing water scarcity during dry seasons will require more
granular resource management and more ad-hoc transfers within and potentially between water providers.
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Routing around key assets and adjusting the balance of inﬂows to a network often result in an increase in ﬂows
above those previously or regularly experienced, as do structural failures such as pipe bursts and the subsequent
remedial interventions. The corresponding increases in τa, the boundary shear stress, can cause the erosion of cohesive
layers of particulate material from the pipe wall [1]. This material then becomes entrained in the bulk ﬂow as a wash
load that passes through to supply points with a potentially unacceptable turbidity and elevated concentrations of
regulated inorganics such as Fe and Mn. Notable increases in hydraulics can therefore impact on water quality by
causing discolouration, with this link being of greater concern in trunk systems given the population served.
Building on laboratory and ﬁeld studies of discolouration processes, discolouration risk can be conceptualised at
pipe level as follows (in a similar manner to [2]):
• The system state at time t is a) the amount of discolouration material N (τ, t) that is adhered to each m2 of pipe
wall with shear strength τ and b) parameters of processes that control howmaterial erodes from and accumulates
upon the pipe wall.
• The erosion process: the quantity of wall-bound material for which τ < τa erodes at a rate that is a function of
the excess shear stress, which is the amount by which τa exceeds τ.
• An accumulation process: material continually and ubiquitously accumulates on the pipe wall for τ ≥ τa, po-
tentially at a linear rate [3–5]. Site-speciﬁc upper bounds to τ have been detected in smooth-walled distribution
pipes [6] but not in unlined Fe nor trunk mains.
A direct measure of N (τ, t) is non-trivial to obtain in a buried water main and may lack information on strength
characteristics and erodibility, both of which are needed for risk assessment. Instead state information is typically
inferred by monitoring the net turbidity response at the downstream end of that pipe to time-varying hydraulics. For
example, the quantity of material with strengths between τ1 and τ2 can be found by:
1. Increasing τa from τ1 to τ2 over the period t1 to t2 by increasing ﬂow;
2. Converting the time-series downstream turbidity response to a mass ﬂux by assuming turbidity is a concentration
(which is justiﬁable as turbidity is proportional to total suspended solids (TSS) at a site-speciﬁc level, provided
that particle characteristics, in particular particle size distribution, are constant [7]);
3. Integrating this ‘material ﬂux’ over t1 to t2 to give a measure of amount the material (in non-physical units) that
was mobilised over that period.
An empirical model that encapsulates the aforementioned conceptual model was proposed in [2] (NB the formula-
tions in [2] have been simpliﬁed here for brevity). If validated, it has the potential to predict changes in system state
(due to continual erosion/accumulation) and changes in bulk water turbidity over hours to months, thus allowing water
providers to better plan for controlled and uncontrollable ﬂow increases.
The model assumes that 1) the light scattering properties of eroded material are constant over the shear strength
range that the material had prior to erosion and 2) the accumulation rate is also constant with shear strength i.e. if
material accumulates within a previously clean pipe for a period before τa is increased in steps of equal magnitude
then the perceived quantity of material for each of the corresponding τ ranges, measured by integrating the material
ﬂux over each step, will be constant. A third assumption 3) is that the erosion rate is constant for a unit of excess shear
stress i.e. for the previous example the rate of erosion will be the same for all τa steps so long as the increases in τa
are instantaneous and of constant magnitude.
The ability of the model in [2] to accurately predict turbidity and the state of the material at the pipe wall may be
limited if these assumptions are invalid. The validity of assumptions 1-3 is therefore explored in this paper.
How material accumulates on the pipe wall at diﬀerent strengths simultaneously over time has previously been
investigated in the ﬁeld (e.g. [5]) and in laboratories (e.g. [3,8]). Laboratories aﬀord the control of ambient temper-
ature (known to have impact on accumulation rates [8]), allow high turbidities to be generated without impacting on
customers, permit high-resolution temporal and spatial monitoring and control and allow N(τ, t0) to be more tightly
bounded. Concerns regarding laboratory pipe systems having unrepresentative hydraulics can be alleviated if lengths,
diameters and pipe materials are not dissimilar to distribution or trunk mains [3,8].
Experiments were previously conducted [3,8] where a recirculating HDPE pipe (length L ≈ 203m; internal diam-
eter  = 79.3mm) was ﬁrst cleaned through aggressive ﬂushing then subjected to constant or diurnally varying ﬂows
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Fig. 1. Idealised turbidity response at the downstream end of a pipe in a non-recirculating system to equal increments in shear stress (following a
period during which material accumulated on the pipe wall; assuming that hypothesis H0 is valid).
typical of real distribution systems for 1-4 weeks. During this ‘growth phase’ discolouration material accumulated
on the pipes walls. During a following ‘ﬂushing phase’ τa was then increased above the maximum of the growth
phase in steps to mobilise material within particular τ ranges. The amount of mobilised material per range was then
estimated from the resulting turbidity response. The results indicated that by the end of the growth phase N(τ, t) is not
a simple function with respect to τ. This could be due to there being so many factors that inﬂuence material accumu-
lation, to insuﬃcient accuracy and precision of the τa control and turbidity measurement and/or to the methods used
to aggregate data per τa step and partially account for material recirculation within the looped system.
The experiment reported in this paper is similar to the aforementioned but several advances have been made over
the cited previous studies. Firstly, the growth phase was three months, so the accumulated material at the start of the
ﬂushing phase would have been more representative of that in a real distribution system, where material regeneration
following erosion may take 1.5-4 years ([5]; assuming linear accumulation; duration depends on source water and
asset characteristics). Secondly, the material that had accumulated within each of a number of discrete τa ranges over
that period was quantiﬁed using more accurate ﬂow control and precise turbidity instrumentation (negating the need
for turbidity noise reduction techniques such as wavelet decomposition [8]). Thirdly, this turbidity instrumentation
permitted the erosion rate to be compared between τa step increases of equal magnitude to test whether erosion is only
dependent on excess shear stress but not absolute shear strength; this had not been attempted previously.
2. Method
2.1. Testing a null hypothesis using a theoretical non-recirculating pipe system
Here the null hypothesis H0 is that the perceived accumulation rate is invariant with τ (assumptions 1 and 2 in §1
are valid) and the erosion rate is constant for a unit of excess shear stress (assumption 3 is valid). This can be tested
by allowing discolouration material to accumulate on the wall of a previously-clean pipe over several weeks, during
which time the ﬂow and therefore shear stress are controlled; following this growth phase, τa is increased in steps of
equal magnitude, which will result in a turbidity proﬁle with similar characteristics to Fig. 1 (created using the model
proposed in [2]) if H0 is true.
Note that in Fig. 1 far less material was eroded by the τa increase at the start of the ﬂushing phase than from
subsequent τa increases. This is because τa was initially increased to just above the maximum of the growth phase to
ensure that the minimum strength of all remaining material was accurately known. The turbidity response from this
‘sacriﬁcial’ ﬂow increase is therefore of no value when analysing how accumulation and erosion vary with τ.
In Fig. 1 each τa level is not sustained for a constant duration but for a constant multiple of the pipe turnover time
at the corresponding ﬂow rate. This is because the rise and decay of each turbidity spike is a function of both the
erosion rate (and therefore the excess shear stress), which is constant between τa steps in Fig. 1, and of ﬂow, as eroded
material will pass into a smaller dilution volume at higher ﬂow rates. The peak of an ideal turbidity spike is a function
of ﬂow and occurs one turnover after a step increase in τa. To quantify N for diﬀerent strength ranges, the number of
turnovers per step needs to be suﬃcient such that all material weaker than the new τa is eroded by the end of the step,
hence each step is sustained for a constant number of turnovers.
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One can test that the amount of material that is perceived to have accumulated over a period is constant with regards
to (w.r.t.) τ if the maximum turbidity over each τa step is a constant (and also if the erosion rate is assumed to be
constant for a unit of excess shear stress). A better test is to check that the material ﬂux integrated w.r.t. t over each step
is constant, as this is independent of erosion rate (so long as erosion reaches steady state by the end of each step) and
is less aﬀected by ﬂow and turbidity measurement error due to integrating w.r.t. t. This method measures the amount
of material that is perceived to have accumulated within distinct shear strength bands since a time at which the wall
was ‘clean’ with respect to those strengths. Variation in the material’s light scattering properties and accumulation
rate with strength cannot be distinguished, hence the focus on perceived accumulation in this hypothetical experiment.
The amount of accumulation over a τ range during a growth phase and the erosion rate (if the shear strength of that
material is subsequently exceeded) both inﬂuence the height of an observed spike in turbidity. However, the erosion
rate also inﬂuences the curvature to/from that peak.
Therefore accumulation being invariant w.r.t. tau must be a prerequisite for assessing whether the erosion rate is
constant with excess shear stress i.e. assumptions 1 and 2 must be valid for the testing of 3 to be tractable. Let us
deﬁne two alternate hypotheses to complement H0:
HA1 The material perceived to have accumulated over a growth phase is constant w.r.t. τ the but the erosion rate is
not (assumptions 1 and 2 are valid but 3 is not)
HA2 The material perceived to have accumulated over a growth phase is not constant w.r.t. τ and as a result the vari-
ability of the erosion rate with τ cannot be determined (assumptions 1 and 2 are invalid; 3 cannot be decided).
Intuition suggests that erosion rates can be compared over distinct τ ranges (and assumption 3 tested) by ﬁrst
normalising each turbidity spike by the turnover time (when the peak occurs) to account for diﬀering advection rates
then comparing spike curvatures after oﬀsetting all spikes so they commence from a temporal datum. However T (t)
for a turbidity spike normalised by the turnover time varies between shear steps (due to the turnover time but not τa
being linear with ﬂow; see Fig. 2a), therefore the erosion rate may be constant with excess shear stress but this cannot
be discerned from the curvatures of turbidity spikes normalised by turnover time. Instead, T (t) should be studied
directly: T (t) is the same shape up to the turnover time for all τa steps if the erosion process is invariant with excess
shear stress (Fig. 2b), providing a means for testing assumption 3 and therefore H0 too. Note that the turbidity spikes
in Fig. 2b decay at diﬀerent time oﬀsets due to diﬀering turnover times at each τa level.
2.2. Experimental setup
The set of hypotheses in §2.1 were tested under controlled conditions using two independent pipe systems (A and
B) each structured as per Fig. 3 and Table 1 and of a scale partially representative of distribution system pipework.
Fig. 2. Let the amount of discolouration material bound to the pipe wall at time t be constant with τ for τ > τa. Let τa be then increased in a series
of steps with a diﬀerence in magnitude of Δτa and a duration that is proportional to the turnover time at the corresponding ﬂow. The ideal turbidity
responses per step, normalised by turnover time, will be as per (a) when oﬀset to commence from a common temporal datum. The non-normalised
ideal turbidity responses per step will be as per (b).
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Fig. 3. Schematic of each pipe system.
Fig. 4. Flow, Reynolds number and shear stress diurnal proﬁles imposed over the 85 to 86-day growth phase.
Discolouration material accumulated in each system over a 4-week ‘growth phase’ which was then eroded during a
‘ﬂushing phase’ by increasing τa in steps whilst monitoring turbidity.
Table 1. Dimensions of pipe systems A and B
Capacity
[
m3
]
Distance [m]
System Tank Tank & pipes i-ii ii-iii iii-iv iv-v v-vi
A 0.486 1.527 8.46 181.76 0.31 9.30 16.50
B 0.486 1.493 9.10 181.76 0.31 9.30 9.00
The internal surfaces of the pipe systems systems were initially cleaned by dosing with sodium hypochlorite to
20mg · L−1 then pumping at the maximum attainable ﬂow rate (7 L · s−1) for 24 hours. During the subsequent growth
phase water partially recirculated within each system but the outﬂow to waste from each tank and the inﬂow from
supply were controlled to give a 24-hour hydraulic residence time. This prevented stagnation and provided a constant
renewal of Cl and a background concentration of inorganic and organic matter. Supply was via an unlined cast
iron trunk main from a works that treats peaty moorland run-oﬀ using iron coagulant and recently upgraded ﬁnal
ﬁlters. The room temperature was controlled at 16◦C as ﬂuctuations in temperature can have a dominant eﬀect on
accumulation rates [8]. System monitoring, control and data logging were all automated. The pump speed varied to
sustain 20m of hydrostatic pressure at P2. Flow was modulated using an activated valve.
During the growth phase (85 and 86 days in A and B respectively) the diurnal hydraulic proﬁles shown in Fig. 2.2
were imposed. These proﬁles diﬀered for the purposes of a coincident experiment that is not discussed here. This
phase was followed by a ﬂushing phase where τa was increased in both systems in steps of 1.11 Pa up to the maximum
ﬂow as per Table 2. Each step was sustained for ﬁve turnovers to ensure complete erosion over the aﬀected τ range.
τa during Step 0 was just higher than the τa experienced in either system during the growth phase, thus ensuring a
minimum τ across both systems at the start of the ﬂushing phase. Flow and pressure set-points and measurements
along with turbidity readings were logged every 5 s during this phase.
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Table 2. Flow rates and corresponding shear stresses imposed during the ﬂushing phase.
Flow step 0 1 2 3 4 5
Flow Q [L · s−1] 0.72 3.06 4.35 5.37 6.23 7.00
Shear stress τa [Pa] 0.09 1.12 2.31 3.42 4.54 5.65
Shear stress τa was determined using a roughness (7.5 × 10−5 m) previously calculated for the same pipe diameter
and material [3], and Eq. 1, where ρ is the ﬂuid density (assumed to be 1000 kg ·m−3), f is the Darcy Weisbach friction
factor [−], found using the Swamee-Jain approximation [9] to the Colebrook-White equation, Q is pipe discharge[
m3 · s−1
]
and D is pipe internal diameter [m]. D was assumed to be a constant 79.3mm as the length of the section
where D = 50mm was assumed to be negligible w.r.t. the total length of pipework.
τa =
2 · ρ · f · Q2
D4 · π2 (1)
During each system’s ﬂushing phase turbidity was monitored at T1 and T2. Turbimeter optics were cleaned at the
end of the growth phase. The turbidity within each system increased over the ﬂushing phase due to the recirculation of
mobilised material, making H0 more diﬃcult to test. The intention had been to measure the net response between T1
and T2 and discount for recirculation eﬀects by modelling the advection of the signal detected at T1 to the position of
T2 then subtracting this T2; however this was not possible as T1 in both systems failed and only T2 could be analysed.
Each system was isolated from mains supply during its ﬂushing phase; because of this the outﬂows from T1 and T2
were returned to the relevant tank rather than allowed to go to waste so as to prevent pump trips and tank depletion.
The impact of these ﬂows on the tank turbidities has been ignored in the following data analysis due to the negligible
magnitude of the ﬂows compared to those in the  = 79.3mm pipes ( 0.85Lmin−1); found by solving the Bernoulli
and Darcy Weisbach equations for ﬂow). The signal propagation delay due to ﬂow from the monitored pipe section to
the turbidity meters is said to be negligible for the same reason.
The pump speed was asymptotically increased at the start of each ﬂow step to lessen the risk of transient shear
stresses impacting on the wall-bound discolouration material.
2.3. Data analysis
To test H0 there was a need to distinguish the material mobilised by each τa step. This was done by iteratively
subtracting the mean of T2 (t) over the ﬁnal turnover of a particular step from T2 (t) over the entire following step
(whilst ensuring the result was non-negative). Let this derived signal be T (t). Although this data pre-processing
partially accounted for recirculating by removing the ‘background’ turbidity from each step, it did not account for
signal obscuration due to the recirculation of mobilised material during a single step, which will be seen following
one turnover time into each step. The tests outlined in §2.1 therefore cannot be applied as material recirculation aﬀects
the integral of the product of T (t) and ﬂow over each step (and therefore the perception of material accumulation)
and the upward curve of the T (t) spike per step (and the perception of material erosion). Those theoretical tests can
however be adapted to accommodate these constraints:
• The perceived accumulation is constant with τ (and assumptions 1 and 2 are valid) if the integral of the material
ﬂux (§1) over the last turnover per step is constant (assuming that after ﬁve turnovers erosion has reached steady
state and the system is well-mixed).
• The erosion rate is constant with excess shear stress if assumptions 1 and 2 are valid and the curvature of T (t)
is the same for the ﬁrst turnover of each step (before unaccountable-for recirculation eﬀects are ﬁrst seen).
3. Results
Fig. 5 shows the ﬂow and turbidity per system during the ﬂushing phase along with the derived turbidity signal
T (t) for which the ‘background’ turbidity due to recirculation has been partially removed. An erosion response per
τa step can be seen in T (t); no upper limit to τ (τmax) was found. The drop in turbidity after Step 2 is due to 6-9
minutes of data being cut from the ﬂow and turbidity time-series: the pumps were stopped over this time for microbial
sampling (not discussed further here).
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(a) (b)
Fig. 5. Flow Q (t) and measured turbidity T2 (t) over the ﬂushing phases of systems A (a) and B (b). T (t) is the turbidity per τa step with the
background turbidity of the previous step subtracted.
(a) (b)
Fig. 6. Processed turbidity T (t) for the last turnover at each τa level, which is a measure of the amount of material per discrete τ range. (a) and (b):
pipe systems A and B respectively.
(a) (b)
Fig. 7. Processed turbidity T (t) for the ﬁrst turnover at each τa level bar Step 1. The curvature of T (t) is a measure of how the erosion rate and
amount of accumulated material vary with absolute τ. (a) and (b): pipe systems A and B respectively.
The turbidity signal T (t) over the last turnover per τa step (Fig. 6) indicates that the same amount of material
accumulated over the growth phase per unit τ over most of the studied strength range (Steps 3-5 in system A; Steps
2-5 in system B) but proportionally more material accumulated at weaker strengths. Here N is given in Turbidity
Pseudo Mass Units (TMPU) [2] per m2 wall area, where 1 TPMU = 1NTU × 1m3. The assumption that erosion
would have reached a steady state and the system be well mixed before the ﬁfth and ﬁnal turnover per τa step appears
to be valid: there is little if any rise in turbidity over the ﬁfth turnover. Note that the drop in turbidity during Step 5
in system B was due to a momentary pump trip during the previous turnover). Assumptions 1 and 2, that perceived
accumulation is constant with τ, appear to hold for all but the weakest strengths, allowing the relationship between the
erosion rate and absolute τ to subsequently be assessed for all but the weaker end of the studied shear strength range.
Fig. 7 shows T (t) for the ﬁrst turnover of each τa step bar Step 1. The signal to noise ratio (SNR) prevents a
conclusion from being drawn as to whether the curvature of all responses is the same and assumption 3, that the
erosion rate is constant with excess shear stress, holds. A low SNR is not unsurprising here: the ATi A16/76 turbidity
meter has an accuracy of the greater of ±5% and ±0.02NTU when the output range is set to 0 − 40NTU. Systems A
and B both show a slower rise in T (t) over the ﬁrst turnover of Step 3; the reason for this is not known.
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4. Discussion
The perceived material accumulation was not found to be constant with shear strength over the entire studied τ
range in pipe systems A and B; H0 has therefore been rejected in favour of HA2 (accumulation is not constant with τ
and the variance of the erosion rate with absolute τ cannot be conclusively decided). However, results do indicate that
perceived accumulation and the erosion rate are constant with τ for all but the weakest-bound material.
It is not possible using the data from this experiment to determine whether it was the accumulation rate or the
light scattering properties varying with τ that caused more material to be detected at the lower end of the studied
strength range. These eﬀects could be distinguished in future by repeating the experiment with diﬀering growth
phase durations (somehow controlling for seasonal variation in source water quality) and/or using particle counting
equipment to study if how diameters and therefore light-scattering properties vary with τ.
If the ﬁndings from this experiment can be shown to be consistent for a variety of pipe materials, roughnesses and
diameter and over a range of environmental conditions then there are implications for the predictive capabilities of
empirical discolouration models such as [2]. Such models may misrepresent the amount of material to have accumu-
lated at the weakest relevant strengths if the assumption that accumulation is invariant with strength is retained and
such models are calibrated using data from a period where τa varied widely. Alternatively, the amount of material at
all but the weakest strengths may be underestimated if the model is calibrated by imposing only small increases in τa.
Further work is required to determine whether the identiﬁed diﬀerence in the accumulation process over diﬀerent
τ bands is actually signiﬁcant for managing discolouration risk and proactive network management: if it is not then
accumulation could be assumed to be invariant with τ, so as not to increase the complexity of the parameters of the
discolouration model described in [2].
5. Conclusions
Discolouration material was permitted to accumulate over three months (a longer period than in previous related
studies) under controlled conditions in two similar HDPE pipe systems ( = 79.3mm). This was then eroded by
increasing the boundary shear stress in discrete steps of constant magnitude. The amount of material that accumulated
over those three months was found to be constant with shear strength over most of the studied shear strength range
bar the lower end, where more material had been present. The rate of material erosion was similar for step increases
in shear stress of equal magnitude at the mid to upper end of the studied shear strength range. It was not possible to
determine the relationship between erosion rate and shear strength for lower shear strengths. These results, seen in
both pipe systems, indicate that the prediction of discolouration risk using empirical models may be subject to error
if it is assumed that the material accumulation and erosion processes are invariant with shear strength.
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